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Theprimarypurpose ofthe

.

~esentinvestigationwastodetermine
therelationbetweenstressesandplasticstrainsofwroughtaluminum
alloysforthreetypesofloading,tension,compression,andtorsion.
A secomhmyobjectivewastoidentifywhichassumptionsofanideal
theoryofelasto-plasticityareinvalidforthesealloys.

Itwasfoundthatuniversalstres~traincurvesaspredictedby
thetheorywerenotobtainedwithwroughtaluminumalloys.The
observeddisagreementbetweentheoryandexperimentwasattributedto
theinvalidityoftheassumptionsofisotropy,ccmstancyofvolume,
continuityofthemetal,andlinesrstress-infinitesimalplasticstrain
relations.Faircmrelationbetweenthetheoryandexperimentalfacts,
however,wasobtainedwitha castandsolutionhea%treated
R magnesiumalloywhichbehavedisotropfcallyduringplasticdefcmatim.
Correlationwithsomeofthealuminumalloyswasobtainedforthe
compressionmd ~torsiondatawhenshearstresseswereplottedas
functionsofeffectivestrain,butnothecmeticaljustificationis
availableatpresentforthisanomaly.

ImmImTIm

Theoriesofplasticityhavebeenthesubjectofinterestformany
yesxs.Earlyinvestigationswereinspiredprincipallyby scientific
interestinformulatingthebasiclawsofplasticflow.Morerecently
engineersandmetallurgistsrecognizedthevalueofa theoryof
plasticityforsolvingpractics2engineeringproblems..

E%.Venant(referenceI)asearlyas1870conducted.investigations
underconditionsofbiaxialstressingwhichindicatedthat
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Timeratephenomenaandcrew ~

hcroscopicisotropy

Volumeduri&plasticdefamation

aftereffect

notpresent

rmainsconstant

Wlththeassumptionsofanideal-materialthe?%eoqyofplasticity
requiresa stressanda Btrain-Bls. A stressW“BZS msybe tie

byapplyingtheord4sFY1.awsofmechaniosjanda strainana@sis,by
applyingEuolidiangeometry,~oa@_Ptio@ otherthanthppecontained
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in the I.awaof maohenios d Euolidiangecmtryareneoemary. Two aigolftoant invariant
qumtitiee result from these aualy8es, namely:

)
2

% - TW - TZz
3.

(
2 2

‘2 +3T +T +7=2
-m )

(2)

nhloh10thequadrat 10 deviatcw fdn=em, and

P

$[

g
‘3 )+ ‘%X2 (3)

whioh is the qmdratio Plaetim detitm strain. The funotiona 7 @ ~havelmentermedthe
effeotive stress ami effeotlve strain, respectively,anddifferby oonetantm only frmu the
octahedral shem Aresa and ootahedml ehear strain. For the oqplet e fornnalaticm of * thoery,
it is neoesmry to e6tablieh a relation betweemthe stresses ad the infinitesimal Btiaim d
the work of plastio defarmticm. These relatime maybe obtaind by reekingtwo aeemuptlona
as followa:

(~) The infinitesimal plaatio stralna are 1* f’unotlcma of the stresses, awl the
infinitesimal. elaetio Slm3ins are Idnear funotfms of the infinitesimal ohangea in stresses.

(8)The wcm&&mdenedstate of a metal depends cmly on the amountof wcmkof @tio
defcmmtion e.xd 16 Independent of the stieas cm Btrain path employed.
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Aaaumption(.7)resultsinSIXplaatioityequationaoftheform

@ aaaumption (8) leadstotheuniversality
9fYeotiveplastiostrainrelation

oftheeffective

.

5

(4)

Btrea*

(5)

that theW thegeneralizedHo&e*a lawiaintroducedbyaaauming
flaatiopropertiesofthemetalareindependentofpl.aatiodefommntlon,
Iixelasto-plastioequalionsresult,

(6)

,
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isthetotaleffectivestrainorsimplyeffeetive
betweeneffectivestressandeffective@r@Q ip

Severalmethodsmaybeemployedtoohec~the

(7)

str~, Therelath

idealizedtheoryofplasticityunderspeciaeg@iti~. Lo@e-(reference?)
andlaterTaylorandQwhmey(reference3)@e c@b@d stressstudies
withtubularspecimensofvariousalloypend@9tAed
termsof

“w
lT

’22 (-5 ~-
P

’33)
= lT T3~” -

(2 11-

infinitesimalprincipalplasticstrains,respective~.lYthe@q@icity
equations(4)areremittenforprincixstrespesandsulwtitutedinto
equations(9), thelinearequation

Vv= (lo)

isobtained.TheresultsofTaylorand.Qzinnq,giveninfigure1,
illustra~ethattheagreement%etweentheoryandexperimentisnot
perfect.Prager(reference5)suggestedthatthedeviationfbomlinearity
between.w = v maybeduetothepresenceofcubicS@ higherpmer
termsofstressinthestres~trainrelations,

Davis(reference 10) measured the componentsoffinitep-tic
strainsofplasticallydefcmmedtubularspecimensofmildsteelunder
essentiallybiaxialstress.Thelmdingwassoregulatedthatapproxi-.
matelyconstantstressratiosweremaintaineduptothepointofnecking.
Undertheseconditions,thedirectionsofprWcipaJstressesandstrains

——— . —.. . -. —— -- .. - .- .——. —.
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demdinunhltmedthrc@mu*the*tiredeformation.Theinfiniteshal
stoxitnG= ona fiberh thex-dfiectionat~t~t t, forewle,
IBaldothestrhinonthefiberwhichwasoriginallyinthex-direction.
!rhUfii,

PE apk=~dt=dp~ (U)

Forthedemnditimethesfiplasticity

~&-T”-dp@33= 2 a (33

(4) reduceto-

(12)

%diel%dp$f~j@22J - apd33 are theinfinitesimalplastic straine
M’ filmz%I?emaihiqjcontinuous=h theprimipaldirectiom,denoted
byfitieMib&d&~@Sfi~22,and33J Thefiniteprincipalstrainslnaybe
obtdinedby~tegrationofe@&4diM @),

(U)

9
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S@mtitutionof a end B = O intoequation

andtherefore

Theeffeotlve
e~~ti~ (3),

h
TheSmount
Wnaitiaas
given-by

NACA~ HO.1552

(2)yields

the plasticity equatims(equations(13)) reduceto

(15)’

plastio strain ‘~ is obtainedbyintegratimof
namely,

(16)

ofPlasticworkresultingfromplastfodeformationunder
that

Plastiowork=
do

Substitution of a = Constant

conditicmsgivenby egpations(15)

or

resultAm the applied loadsis

(18)
and ~ = O into equati~(18) andthe

ma (16), the plastic work‘bemmes

(19)

.

.
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Theamountofplasticwork,therefore,istheareaundera t7-‘$ ~e
amdonlydependsontheamountofdefetion, thatis, ~p; itis
independentofthestrainorstresspathemployed.

Whenthegeneralplasticityequationsandas’mtion(8) are
satisfied,a single6- ‘~ curveisobtatiedfcmallconditionsof
stressing.ThedataofDavis(reference10)fcmcsrefullyannealed
mildsteelreplottedintermsofeffectivestressandeffectiveplastic
strainuptovaluesofstrainatwhichlocalplasticflowornecking
occurredare iveninfi@re2. Smalldeviationsfrcmtheuniversality
ofthe F- ‘$ curvewereobtained,buttigeneraltheagreementof
theoryandexper~ntisgood. .

In thepresentinvestigation,theuniversalityofthe 5- ~ curve
andhencethetheoryofelasto-plasticityistestedforseveralaluminum
alloysfromdataobtainedforthreemethodsofloading:(a)simple
tension.(b)shnplecompression.and(c).smle tcmsion.The
experin&&ldet&minat~onofthe
testsisgivenintheappendix.

Smcmtms

3- ~ cn&esfromeachofthese

ANDMA!I!ERIKCS

Thetensionspecimensweremachined.frcuu~-inchroundbarsto

A.S.T.Mstandardspecificationsfur&inchgagelength,tensiletest
bars. Thecylindricalcompressionspecimenswere0.500inchindiameter
and0.500inchlong,havingtheiraxescoincidentwiththeaxesofthe
originalbars.Inordertoobtainthesamesampling,thespecimens
weremachinedtothessmediameterasthetensiontestbars.Thetorsion
specimensareofa specialdesigntofitthetwist&ageandtcmsion
testingmachineemployed.Thespecificationsofthetorsiontestber
are giveninfigure3.

Thetestmaterialswerestandard
ofrolledroundbsrsandhea%treated
givesthe13aluminumalloysselected

mmmercialmaterialsintheform
toveriuusconditions.Ta%le1
sndtheirnominalcomposition.

.

.
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TABLE1

IWMINALCOMPOSITIONOFWROUG3TAL~ ALLOYS

I IPermnl

e-l==
I =1

E--t=
142S4? I 4.5

]75s4 1.6

.

of alloyingelements“(alundmumandimpul
mamtituteremainder)

silicon ManganesellsgnesiumCbrcnnium

1.2

0.5

.6 1.5

.6 1.5

.6 1.5

.6 1.5

2.5 0.25

0.6 1.0 .25

.6. 1.0 ●25

.6 1.0 .25

.2 2.5 ,03

.2 2.5 ,03.

;ties

ZinO

5.6

5.6

.. .

TensiatestswereperformedinaBaldwin~thwark60,ClO&pound
testin&machine.Theaccuraoyofthismaohinewasapproximately
1 peroatinload.Thespecimenswerescrewedintosel.f4ininggrips
toassureaxial slinement.Thestrainswererecordeduptotheyield
strengthofthematerialwitha speciallydesignedaveraging
extmnsometer.Theextensometerhada gagefactoroffourendwas
equippedwithaLasWbrd dialgegewithleastMvisionsof0.0002inch.
Estimatingreadingsofthedialgagetothenearest0.0001inchresulted

.

.

.

.
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instraindetermhationstoanaocuracyof0.000025inchperinch.
Extensometerread3ngswerecontinuedtototalstrainsofapproximately
O.000~inchperinchinordertoestablishtheelasticportionofthe
stmess-straindiagrams.StrainsbeyondO.000~ inchperinchwere
measuredwitha specialdialin~catoroverthe&inchgagelengthto
anaccuraoyof0.0005inchperinch.Beyandthemsxhumload,strains
werecalculatedfrommeasurementsofthemhimumdiameterofthetest
bar;’a had micrometeraccurateto0.0001inchwasused.Maximumand
minimumdiameters(diametersofneckedsection)weremeasuredin
directions90°toeachotherinordertodetectpossibleanisotropyof
thematerials.Loadswereappliedcontinuously,andloadsandstrains
weremeasuredsimultaneously.Therateofextensionwasapproximately
0.003inchperminuteofcross4eadspeedintheelasticregionand
0.010inchperminuteintheplasticregionuptodeformationsresulting
infractured thetesthr. Therateofplasticdeformaticmremitted
ina rateofchangeof ~ ofapproximately0.010perminute.The
rateofchangeof ~ withrespecttotimewasapproximatelythesame
forthethreedifferenttests.

Thecompressicmtestswereperformedina compressionfixture
installedina 60,00@p-a Btid~ thwarktestingmachine.The
compressionfixturewascanstmuctedfroma twwpostdiesetwith
parallelgr-a antils.AU compressionspecimenswerehibicatedwith
a mixtureof1 poumiofgraphitepergallcmofsteamcylinderoilin
mtirtoreducefrictionbetweaanvilandspecimans.Thespecimens
werecompressedina ste@y-step~thOa. Thediaumtersofthe
deformedspecimenswere~a~ed inticdirectimsatzeroloadto
yieldtheminimumandmaximumdiameters.l&eshltibricantwasapplied
betweausteps.

!I.?hetwsiontestswereperfomueaina specialtorsimtesting
machinewithfixedalinementbetweadrivhgheadandtailstock.A
floatingtailstockinsuredtheeliminatimofa netaxialloadonthe
torsionspecimen.Tmquesweremeasuredwitha calibratedtorsion
bar,itstwistbeingreccmdedbylinerarmmcmmentsnddialgage.
Theaccuracyoftorquemeasurementwasapproximately10inch-pounds.
Twistswererecordedona twistgagewitha directreadingdialhaving
leastdivisimof0.500.AnadditionalvernierpermittedMat
measuremmtsaccurateto1 minutetoberecorded.Thegagesection
wask.125ficheslmg. Thetwistgageuaseqzi~edwithaxial
measur~surfacestopermitmeamrementofaxialdefamationofthe
testbaratanystageofdefamvtim.Alltestswererunconttiotily,
andtorqzeandtwistweremeasuredsimultaneously.

EU?ERJMEMTALRESULTS

Figures4 ma 5 shuwthe~erimentalnominalstressesand.loads
asfunctionsofthenaturalstrainsfortensimandcompression.The
naturalstrainhasbeendefinedintheconventionalmannerasthe

.. ———. ——. —— — .—.
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logarithmofthemiginalareadividedb-ytheindtautaneousarea
(1%0Ao/A)fortmsionaudasthelogarithmoftheinstantaneousarea
dividedbytheoriginalarea (logeA/~) forcompression.Figure6
shows_&eeqerheniAl ourvesfortorsim.Thedataareplottedas
torqueagainsttwtstperunitlengthofbar. Thesolidourvesof
figures 4, 5, snd6 representtheaversgere-ts ofatleasttwotests
foreaohWW andloadingoonditia.The~erimentalpointsbelow
fhoturesxegivenasopm airoles,squares,sndtriangles,sndthe
fraotureconditicmsareindioatedby solidsynibols.Thesolidsynibols
representingfraotureonthetensiundiagrams,however,donot
neoesssrilyrepresmtthe&ze fiaoturepointsbutmerelytheconditions
atwhichseparationofthetestbarsoocurred.Thethreealloys2S4,
3S4, and52S4,whichshowa sharpbee onthetensimdisgramdnring
thefinalstagesofthetest,areknowntohavefiaoturedpriorto
separation.Thisconfirmationhasbeemobtainedbymsansofradiogra@s.
Tensilebarsofthesealloyswerepulledinsuccessivestepsdur~
neolclngofthebartopermitradiograph3mgtheneokedbar. It-S
observedthatfiaotureocourredintheoauterofthebarsatconditims
a~cxlmately representedbythediscontinuityofthesolidtensim
strem-stmtnourves.No directevidenoeisavailsblefcmtheother
alloys,fcmitwas@ossibletostopthetensiontestsduringthefinsl
stsgesofneoking.

Theeffectivestmess-efleotivestrdnourvesfor tension,impression,
andtorsion,asoaloulatedflrcuuthecqerimentaldataforth~13aluminzm
alJmysinvestigated,aregiveninfigures7 to 19. Theme$hod.of ●

oalculatinnfortheeffectivestmess-effeativestraincurves3sgiven
intheappendix.Eaohourverepresentsaversgevaluesof F and ~
ascsloulatedflromtwoormoreindividualtests.Forthetensiondata
* curvesaregiven,a ncmctnaltensimourveanda correotedtensim

.

ourve.Thenominalt~shn ourvewasobtainedundertheassumptionthat
duringneokingthestmessisgivenbytheloadditidedbytheinstantaneous
sxeaintheneck.Itisknuwn,however,thatneokingintioduoesa state
ofmaibinedstressand,therefore,thetensiontiesscalculatedunder
theforegoingassumptionisinerror.Bridgman(referance11)suggested
thattheeffeotivedressovertheminimumsectimofthebaris
constantandthatsnapproximaf%trueeffectivestress~ be calculated
bytheequation

where

L applledload

A minbimlareainneck .

(20)

— ..— —. .— —.-
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radiusof neokmeasuredat right auglesto axis of test bar

radiusof curvatureof neokmeasuredparallel to axis of her

Ihordertoapplyequaticm(20),Itwasneoessarytomeasuretheradius
ofourvatureR forvariousvaluesof a. Thesevalueswereobtained
fromtensimbarsforeachalloyby successiveloadingaudunloadlng.
Betweeasteps,thetensioubarswereremavedfromthetestingmaohine,
andtheradiusofcurvaturewasmeasuredh aIlausohendLozbcontour
prajeotorwitha megnifioaticmof50. Thecorreotimasgivenby
equation(20)wasthenappliedtotheunoorreotedF obtainedfrom
theaveragedataofoontiuuoustensicmtestsatequalvaluesof
effeotivestra!n.ItmEWbe observedfromthesevmml.figuresthat
forsomealloys,thecorreotedandunoorreotedtensionourvesdeviate
fromeaohotherbeforethemadmumloadisreaohed(msximmloadsare
indicatedcmtheunmrrectedtensionourvesbyM.L.). Thissnomal.y
hasnotbeemfullye@.ainedbutmsybe oausedbytieinitialtaper
presentintheher. Itwasobservedthatseveralofthesoftaluminum
elloysexhibiteda gradualtaperoverthegageseoticmbeforethe .
mximumloadisreaohd.

Figures7 to19revealthatthe F - $ ourvesforeaohalloy
tifferforthedifferentmethodsofStressti.Thetorsionourveis
belowthetausionandcompressionourveforW alloys.Theslopeof
thetorsimoumeforlargevaluesof ~ ingmcwalapproacheszero;
thisindicatesthattherateofwork+hardenlngdiminishes.Fm small
strains,thecompressionourvesofallalloysexcept5- and6H
exeabovethetensiaumrves;for52s-0and61SWalloystheorder
isreversed.Forlargestrains,theslopesofthecompressioncurves
ingeneraldecrease;forseveralalloysthecompressicmcurvesfall
belowthetensioncurves.A120YS24=80 end24w86 yieldourves
incompression,asshownh figures12=a 13,respectively,having
negativeslopesintheearlystagesofplasticbformation;atlarge
stmains,theslopesbeoomepositive.TheBridgmancorrectimlowers
thetensionourvesbutfailstomeld coincidencewitithetorsionor
compressioncurvesfcmallalloys.

ItisinterestingtonotethattheStress-stiainourvesof
figure4 revealSWM significantMfferenoesbetweenthe24=8 series
andtheremainderofthealloys.Allthestresw3&vaincurves,except
thoseforthe24Wl18alloys,appeartoforma homologousseries.Those
whichhavehighertensilestrengthalsoshowcorrespcmdinglygreater
decreasesh flowstresswithstrdnbeyondtheuniformstrain.
Thez?4wI?8alloys, however,-bit enanomalouslygreatdecreasein
flawstresswithStrainbeymdtheuuiform,end,therefore,their
curvesinterseotthosebelcmgingtoalloysfromthehomologousseries.
~s effeotismorepronouncedinthe24s+!86EcUoythenin the
24EW80elloy,thisXaotindicatingthatitmaybeassociatedwith
thedegreeofprestiainingprelimimrytothetiiflcialegm

.
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14 I?ACATN~Oe 1552

treatmentformakingthe2kHr8series.Thecompressionandtorsion
titarecordedtifigures5 and6,respectively,aI_sorevealthatall
aJ.I.oysexceptthe24WC8C)seriesforma me orlesshomologousset.,,

DISCUSSION

IR@ures7 to19revealthatthe F - ~ curvesforthevarious
aluminumalloyswereuniqueforeachmethodofhwddng. Inasmuch
asthetheoryofplasticitydemendsuni’versali~ofthesecurvesfor

.anyparticularallug,itappearsthatsomeoftheassumptions
containedh thetheoryareticorrectforplasticdeformationofthe
aluminumslloysunderconsideration.A criticalreviewofthe
assumptions,therefore,isrequiredtoisolatethefactorscontributing
totheobserveddisagreementbetwemtheoryendeqeriment.The
assumptionsstatedpreviouslyareconsideredindetailinthefollowing
paragraphs.

(1) Themediumiscontiguous.Thisasmzmptionisusuallymadein
treatingmediumsincertainbranchesofscience,suchashydrodynEuuLcs.
I!&metalsthisassumpticmmy notbevalid,sinceticrodiscontinuities
usuallyexist,suchasdispersionofhardbrittlephasesina ductile
matrix. Microcracksareanotherpossible@pe ofdiscontinuitiesin
metals.~ thecaseofalurdnumalloys,demsitychangesobserved.for
the61w alloyduringplasticdeformation- beduetothewesence
ofmicrocracks.

(2)Macroscopichomogeneiw.Metalsingeneralarenot
microscopics3.Whomogmeous,buttheirelasticandplasticproperties
aresubstantiallythesamewha aversgedoversmallregionsabout
eachpointatidenticalstatesofwork-hsrdening.Theassump~icnof
macroscopichomogeneity,however~iSnotcqleteW ~i~ed by
metals.TheformationofLueder~sltiesandne@rlngobservedina
tensiontestareexamplesofnonhomogeneousdefamation.Noattempt
wasmadetotestmacroscopichomogeneityinthepresentinvestigation.

(3) NoBausching~effectandelasticaftereffect.Elasticafter-
effectsaresmallrelativetolargeplasticstrainsandthereforeexe
notbelievedtobeimportantinthepresentstudy.Sincealltests,
exceptonetobediscussedlater,wereconductedwithoutreversalof
stressing,theBauschingereffectwasebsentinthepresentstudy.

(4)Timerateph=~ andcreeparenotpresent.At
elevatedtemperatures,ratephencfmenaassumeparamouutimportance,
whereasat lowertemperaturesthework-hardenedstateisthemore
Signifioentfactor.Rateeffectsandthe effects(creep)appearto
~luencetheplasticdeformationlittle,ifthemetalretainsthe
cold+mrkedstate.Thisissubstantiallytie foraluminumalloys
deformedslowlyatatmospherictemperatures.Furthermore,aneffort .
wasmadetomaintainapproximatelythe’samestrainrateh alltests.

. ..— __ —- . . . . . —.- . .— --— - .———-
. .
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. (5)MacroscopiciSOtmpYiMacroscopicisotropyisseldompresent
inrealmetals.A metalmaybeisotropicinitiallybutduringplastio
deformaticmdevelopsvarioustypes’ofanisotropydependingonthekind
ofloadingandtheextautofdefcwmationeWroughtmetalseXhibit
anisotmpybecauseofpreferredoriqntaticmofgrainsandmechanical
fiberingofthevariousphasespresent,andtheydevelopadditional
snisotroQiccharacteristicsasthemetalisdeformed.Theass@tion
ofisotropyIspOssiblytheweakestpartofthetheory.Thedata
obtainedforalrmdnumalloyswhentestedIncompressionaudtension
revealedthatanisotroIwwaspresentduringplasticdeformation.
Crosssectionsofthetestbarsinitiallyroundbeamsellipticalin
thedeformedbar.

Inorder to testtheapplicabilityoftheidealtheorytoan
isotropicmaterial=a possiblytoisolateanisotropyasa faotor
contributingtodisagreementbetweautheoryandexpriment,itis
necesssrytoinvestigatetheplasticbehaviorofisotiopiemetals.
Suchmetalwasavailableh mxrefWlycastspednausofR magnesium
alloy.Tensia,compression,andtorsiontestswere,therefore,made
withthisalloyin’%hea~ast -d soluticmhea-treatedcontitims.
Agreementofthe F- F curvesisfair,asrevealed.infigures20
and21. Forexample,thedeviationM stmessatvaluesof ~ = 0.05
froma meauvalueforthesolutionhea~treatedalloyisapprcnd-
mately*3percmnt.Atgreatereffectivestiainsthedeviation
increases.h general,huwever,theagreamentbetweentheory=a
experimentisfalrforthecastendmibsequentlysolutionheat+breated
R magnesiumalloys.Agreementobtainedwiththesealloys,huwever,
doesnotestablishanisotiopyasthemainfactorcontributingtothe
disagreementobtainedwithaluminumalloys.Itisnecessary,therefore,
toavxulnethealuminum-alloydataingreaterdetail.This~ be
aommplishedbyanalyzingthetorsimdata.

H a solidoircularoylinderis*jettedtoskupletorsim,the
deformationmaybed.esoribedbytietiamfm=ti~ ofa po~t at ro~
eo, and Z. initially butatinstantt atpointr, e, and z,
‘namely,

r=r
o

e = eo + Zot

z = Z.

where

r radiusofa pointinitiallyat ro

...— — ——. .
:
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z distanceofpointalcmgcowdinate-s initiallyatpetitzo

t extentofdeformatim;twistinradiansperunitlengthofbar

Thetransformationasgivenby equtian(21),therefore,describes
deformationbyangulardisplacementsofpointslyinginplanes
perpendiculartotheaxisofthecylinder.EUxmsina testbar
originallyalinedwiththespecimenaxissufferdeformationbytwisting
only,andnochengesindimensionsofthebar.occur.R megnesiumalloys,
withintheaccuracyofexperimentalmeasurements,areknowntofollow
theforegoingdeformation.Inthecaseofthealuminumalloys,huwev~r,
twistingofaxiallyalinedfiberswasaccompaniedbydimensimalchanges
ofthetestbars.Theeqer-tal evidenceispresantedinfigure22.
Inordertoaccountforthisanomaly,theequationsrelatingstressand
strainofthepresenttheorymustbereexandned.

Theassumedlinearrelationbetweastressendinftnitesimel
plasticstrainresultsinthefollowingsixequticms:

I
PGZZ=LIA31T=+...+... + . . .+...+...
PC .+. ..+O. .+0 . 0+...+...
v=”” }

(22)

PE =0- ●+ 0..+...+. . .+=..+=..yz
P Jezx=~~T= + ~2Tm + ~3Tzz + %4Txy + ~~yz + %6TZX

I
~ theseequations,thelinearrel.atimserecharacterizedby36IUDWM
oftheform ~j. Theinfinitesimalmoduli~~ areparameters

emalogousto the ~adi ofelasticity,andtheyhavedimensimsof
infinitesimalstrain&Lvidedby stress.Forisotropicmaterials,
equaticms(22)reducetoequations(4).Ifsimpletorsionismm3iaer63a,
ail.stressesofequaticms(22)vanishexceptthe
whichisinducedbytheappliedtorque.Thesix
therefore,reduceto

P6== ~~T..

Pcm = dAp4T..

P
’22= %4’-
P
‘xy= %4%
P
‘Yz= %%
Pe= = *%y

.—— .----——.—— -—--. .

shearstressT=,

plasticityequaticms,

------- ..—— —...

(23)

.

.
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.

Thereportedchangeinlengthdurhgtwistingdemandsthatthe
modulustbl. exiet. Additionalstudiesonrevers~theiktrection
oftwidilngyieldtheresultsrecordedinfigure23. Thesedataprove
that dA14isa complicated-ction Ortie,pre~o~ ** ~*1’Y.
ImmediatelyWon reversaloftie*ess, themgnitudeof U14 changes;
butasdeformaticmcmtdnuesinthenewdirecti=oftwisting,the
valueof dA14 chmgesmsgnitudeendsign.Theincmpwationofsuch
factsinanyshpletheoryofplasticiwwillindeedbe difficult.

Figure22showsthatcontinuoustwistingofsolldal.uminum+illoy
hersresultsInex%amxlonsoftiehers,themagnitudeofwhichdepends
ontheamountoftwistandthekindofalloy.Theslopesofthecurves
givea measureoftheanisotro~presentat anystage, andthe rate of
ohangeof the slope9Ythe.changein the anisotiopyof the alloys.
Slopeswhichme zero initially indicate zero initial anisotmo~of the
materials,for example,3S-0a120y;slopesgreaterthenzero indicate
initial anisotropyof the materials,suchas 6~ alloy. A ccmstent

● slope throughoutthe test, fm example,the curvesfm 61-wIway,
indicatesconstentenisotropythroughoutthedeformation.A changing
slopetndicateschanginganisotr~ ofthealloy.Alloy3=
accordinglyisisotropicimttiallybutdevelopsenisotmopiccharacte~
Isticsatlargedeformations.

(6) Volumed- plasticdeformationreminsconstant.Itis
usuallyacceptedthatvolumechangesduringplasticdeformationare
small.Thepresenttheoryofplasticitycanbe,modifiedtoincorporate
volumechanges,buttheequaticmsbecomemorecomplicated.h order
totesttheapplicabilityoftheassumptionofconstancyofvolume, ‘
thedensityof61XWauoy wasdeterminedfor several conditionsof
deformaticm.Theresultsareshuwninfigure24. Thee~erimental
valuesforthecompressioncurvewereobtainedwiththesametestber
atvariousstagesofdeformation.Thetasionvalueswereobtained“
fromthreesecticmsofa deformedtensionbar;densityatthe
largest~ correspondstothedensitioftheneckedregion.Forthe
torsimpoints,onlytwovalueswereavailable,thedensityofthe
undeformedbarwhichwasobtainedfromthegripsectionandthatof
thedefozmedbarfromthegagesectionofthebar. Thedensityvalue
ofthedefmmedtorsicmbarreferstoa ~ whichcorrespondstothe
outerfiberstrainandisnotdirectlyccqarablewiththeothertest
results.Variatimsofdensityoftheseveralundefmmedtestbars,
correspondingtotheeqmrimentalpointsat ~ = O, weresmalJwhen
comparedwiththedensitychangesobservedinthedeformedhers.It
isevident,therefwe,thatvolumeduringplasticdeformaticmdepends
ontheextentandkindofdeformatiau.Theaend~ measurements,
incompleteas theyare, indicatethat the assmptim of constancyof
volumemy not be realized.

..-..-. ...— —-- —. —.- — --——— .—. —- .. —.—
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Incinderto ex@a.inthephenomenaofdensityVariatimsduqing
plasticdefamation,a miorooraokWothesis~ bepostulated.Random
ticroorackspresentintheinitialbar,forexample,wouldtend.to
edccrgeduringtensileloading.Incompressionloading,however,it
ispossibletovisualizea p&rtielclosingofthesecraoks,thus
accountingfortheolservedtrendsh densitywithstraining.Suoh
differencesindensi@changeandtheirpossibleassociationwith
miorooraoksmaywelJ-induoedifferencesinthe 5- ~ curvesfor
tensionandcompression.

(7) me Mmtes= plastiostrainsarelinearfunotionsofthe
stresses.Theassumptionoflinearitybetweentiessandinfinitesimal.
strainleadstoa desirablesimplificatlmoftheplasticityequations.
Theobsezweddtiationsinthe ~- v mrvesofsolutionheat-tieated
R magnesiumalloys~ possiblybe duetothisoversimplificationof
naturalphenomena.~ager(reference5) suggestedthata powerseries
in*ess inthestres+strainrelationsappliedtosomeeqerimental
conibined+tressdatagavebetteragreementthanthelinearrelation.
Ihasmuchasa,~earstiess-infinitesimalplasticstraintheoryleads .
todesirablesimplificationsindescribingtheplastio-flowphenomenon,
itshouldberetainedatpresantuntilsuohtimeasthishypothesis
becmesuntendble.

.
Itisinterestingtonotethatcloseragreementbetweenthetorsion

audcompressiondataisobtainedwhensheexstressesareplottedas
functionsofeflectivesta@n. Theorderofrelativeagreementisshown
intdble2.

.

TABLE2

REIAT131E~BElWEEN TaRSIcmMD

Good Fair “Poor

24EA0 52W)
6M-0 3W 17SJl
24sT86 24W! 61w
75s-0 24%T80 . 61W

75WJ!

Thepoorestagreementbetweenthesheerstressegahsteffeotivestrain
foranyparticularalloyisbetier,however,thanthatofthe 6- ~
curvQs. TMS anomelycannotbe ~lainedatpresent,asa shearstress
theorywouldleadtoa non-trical theory.

. .

.. . ..— — -.. — .-—. --- .-. .—
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1.Theidealizedtheoryfm plasticdefcremationofwork-
hardenablemetsAsisfairly“validforsomeapplications.Fm example,
tension,c~ression,andtorsioncurvesforinitiallyisotropic
R m&uesiumalloysandfor2s-05-, and61w alloysaresuitdbly
correlatedbythisthecwyfors%dns uptoabout0.06.

2.Theidealizedtheoryforplasticdeformationofwork-
hardenablemetalsdoesnotPr-de anaccuratebasisforanalysisof
wroughtaluminumalJmys● Tasion,compressicm,andtorsiondata
obtained.for13aluminumalloysdonotcorrelatewellwithanalyses
baseduponthetheory. ,

3. Auisotropyof plastic deformation,dismntinuityof the
structure,~a a~f3iw variatims with&dbrmationma we of 10LUMW
probablycontributetofailureofthetheary.

4.Otherfactorssuchastheassumptimoflinearitybetween
stressandinfinitesimalstrains~ alsocontributetofailureof
thetheory.

1 5. Correlationisobtainedbetween’torsionandcompressiondata
fora fewofthealuminumalloystested,ifthe~ shearstressis
plotte&asa tictionoftheeffectivesbmin. Theoreticaljustification
fortb3smethodofcorrelaticm,huwever,hasnotbeenestablished.

6. ITOgeneraltheoryis avail~leatpresenttocorrelatethe
plasticfluwofmetals.

UniversityofCalifornia
Berkeley,Calif.,hoh 26, 1947

. ..—. -——.—--— —— .- —— —-— .- —--—. . —.
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Ju?EENDlx

CALCULATIONOFlZFI!EcJ!mHIXESSANDlKll!FEcI’rvE~ moM msm,

where

‘Zz

L

A

D

T(IRSION,AIIDC~ON DKCAOF

TeRsionTest

effectivestress5 d equation

OIRCULARSCZJDBARS ,

(2)inthetextreducesto

sxialtruestress

appliedload

instantaneousareaofbaratloadL

instantaneousdismeterofbarmeasuredunderload~

(Al)

for3f30txoplcdeformatlm

%@ %lin maximumandminimumdiametarsoftestbar,respectively,
underloadL foranisotrupicdeformaticm

TheeffectiveStir- ~ iscomposedoftwopertsasgivenby
equatim (7) ofthetext

andforthecaseofshgpletensimreducesto

where

20 , initislgagelengthofbar

‘z gage1- ofdeformedlarafterraovalofload

Ihasmuchasextsnsionmea~auentsoftheherupto
loadweremade~aer load,itisnecessarytointr~uce

(A2)

themsxbuum
2, thegage

— —..-— -..-.. — .---- -
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,

lengthof the baratioadL, intoequation(A2).S@stltuting

()Z=l+p Z into equation(42)resultsin

5 (s)

andallgantitiesare”determinshle.

Edmnsionsbeyondthemeximumloadareunsuitxibleforcalculating
theeffeotivestrain,ma thereforediametermeasurementsatthe
minimumsectimofthelarweresiibstituted.If Dan~~ arethe
Usmetersuder loadma

‘%
er releaseofload,respectively,the

relatimbetweenD and is

‘=(!-9 (@t)

Fm conditionofconstamyofvolumetheplasticeffectivestrain
becomes

S@stituting equations(Ah)and(A5)in equatim(A2)yields
.

All.quantities
egmtions(Al)

(Ar.JD02
p = loge=— +(2- V)g

forthecmstaucticmofa 5- $ mrveasgivenly
ma (A2) or (A6) axeavailablefmm measurements.

CompressionTest

,Theeffecrbivestressikcalculatedfromthe

(A6)

eqression
.

(A7)

whereL istheloadreachedjustbeforereducingittozeroand PD

isthediameteraftertheloadhasbeenreleasedtozero.The
quantitiesL and % aremeasuredinthistestforvariousincrements
ofload.Theuseofeqyation(A7)resultsina smallerrorof d
Because of neglectingtheelastiocorrectimonthecros=ectional

—-.-- ——..—.— ——— .— ——-- —— ————
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area.Theeffectivestrainasgivenby equation(3) of the text
reduces’to 8

(M)

andallquantitieseredeterminable.
.

TorsionTest

Theeffectivestiessfora solidcylindricalbarloadedintorsion
(reference12)redubesto .

andthe effectivestrain

iJ=2&”

(A9)

where .

R. initialradius

t, twistinradiansperunitgagelength

T torque,i.nc&pounds

Thevalueof F ofequation(A9)maybereadilycalculatedfroma
plotofthe~erimenteltorqu-twistcurve.

.

(Ale)

.- —--- .. —-. .——— —. .._ . .
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